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High-resolution structure of an archaeal zinc ribbon defines a
general architectural motif in eukaryotic RNA polymerases
Bing Wang1†, David NM Jones2‡, Brian P Kaine3 and Michael A Weiss1,2*
Background: Transcriptional initiation and elongation provide control points in
gene expression. Eukaryotic RNA polymerase II subunit 9 (RPB9) regulates
start-site selection and elongational arrest. RPB9 contains Cys4 Zn2+-binding
motifs which are conserved in archaea and homologous to those of the general
transcription factors TFIIB and TFIIS. 
Results: The structure of an RPB9 domain from the hyperthermophilic
archaeon Thermococcus celer was determined at high resolution by NMR
spectroscopy. The structure consists of an apical tetrahedral Zn2+-binding site,
central β sheet and disordered loop. Although the structure lacks a globular
hydrophobic core, the two surfaces of the β sheet each contain well ordered
aromatic rings engaged in serial edge-to-face interactions. Basic sidechains are
clustered near the Zn2+-binding site. The disordered loop contains sidechains
conserved in TFIIS, including acidic residues essential for the stimulation of
transcriptional elongation. 
Conclusions: The planar architecture of the RPB9 zinc ribbon — distinct
from that of a conventional globular domain — can accommodate significant
differences in the alignment of polar, non-polar and charged sidechains. Such
divergence is associated with local and non-local changes in structure. The
RPB9 structure is distinguished by a fourth β strand (extending the central β
sheet) in a well ordered N-terminal segment and also differs from TFIIS (but
not TFIIB) in the orientation of its apical Zn2+-binding site. Cys4 Zn2+-binding
sites with distinct patterns of polar, non-polar and charged residues are
conserved among unrelated RNAP subunits and predicted to form variant
zinc ribbons. 
Introduction
Gene expression is regulated at transcriptional, transla-
tional and post-translational control points [1]. Once tran-
scription is initiated, elongation can be regulated by RNA
enhancer elements, DNA pause sites, and cognate tran-
scriptional elongation factors. Such mechanisms are well
characterized in prokaryotes [2]. Analogous mechanisms in
eukaryotes have focused on the role of general transcrip-
tion factors (such as TFIIF and TFIIS [3,4]) and viral vir-
ulence factors (such as the Tat protein of mammalian
immunodeficiency viruses [5]). Interest in molecular mech-
anisms of transcriptional elongation has been stimulated
by the association of human cancer susceptibility with
mutation or translocation of elongation factors [6–8]. Here,
we focus on the structure of an RNA polymerase subunit
required for both transcriptional start-site selection and
elongational control. This subunit, designated RPB9 in
Saccharomyces cerevisiae [9], contains two putative Cys4 Zn-
binding motifs (Figure 1a) [10]. A model is provided by an
homologous subunit encoded in the genome of the hyper-
thermophilic archaeon Thermococcus celer [11]. The struc-
ture of the C-terminal Zn2+-binding domain of RPB9 is
herein determined by multidimensional nuclear magnetic
resonance (NMR) spectroscopy [12]. The results define
the structure of a zinc ribbon at high resolution and
demonstrate that this motif can accommodate significant
variation in sequence and structure. 
The three nuclear DNA-dependent RNA polymerases
(RNAPs) of eukaryotes are each composed of 10–14 poly-
peptides [9,13–15]. Subunits of RNAPII in S. cerevisiae are
defined in Table 1 [14–22]. The two largest subunits
(designated RPB1 and RPB2) exhibit sequence similari-
ties with the two largest prokaryotic RNAP subunits (β′
and β) [23,24] and may share core biochemical functions,
including binding of substrates (DNA and nucleoside
triphosphates) and catalysis of RNA polymerization
[25,26]. The third largest subunit (RPB3) exhibits regions
of sequence similarity with the prokaryotic RNAP α
subunit [27–30]. Similarities between the sequences of
prokaryotic and eukaryotic subunits are otherwise weak
(RPB11 [20]) or indiscernible [10,16–18,20–22,31,32].
Archaeal RNAPs likewise contain 8–13 polypeptides
[16,33], which are homologous to those of eukaryotic
RNAPs (Table 1). These relationships suggest that analy-
sis of an archaeal RNAP — proposed as a living ‘molecular
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fossil’ [11] — may provide insight into the origin and evo-
lution of the eukaryotic cell and its transcriptional
machinery. Archaeal genomes also encode homologs of
selected eukaryotic transcriptional initiation factors
(TFIIB and the TATA-binding protein [TBP] [33,34])
and histones [35]. NMR or crystallographic studies of
Pyrococcus furiosus TFIIB [36], Pyrococcus woesei TBP [37]
and Methanothermus fervidus histone [38] have in each case
verified a correspondence of three-dimensional structures.
The predicted archaeal transcriptional elongational
machinery includes sequence features of both eukaryotic
(TFIIS) and prokaryotic (NusA and NusG) antitermina-
tion systems [11,16,33,39]. Sequencing of archaeal,
eukaryotic and prokaryotic genomes [33,40–42] has thus
provided a foundation for deciphering evolutionary rela-
tionships among kingdoms. 
The multisubunit RNAPs of prokarya, archaea and
eukarya each require Zn2+ for function [43]. RNAP-
associated Zn2+-binding sites are unrelated to those of
specific transcription factors (such as the classical zinc
finger, nuclear receptor superfamily, and binuclear zinc
cluster [44]). The contribution of these sites to the detailed
mechanism of catalysis (i.e., to template association,
substrate binding, initiation, elongation or termination) is
unknown. In Escherichia coli RNAP, Zn2+-binding sites
occur in the β′ (Cys-X11-Cys-X2-Cys-X12-Cys-X2-Cys
motif) and β subunits (uncharacterized). Although the
structures of the β′ or β Zn2+-binding sites have not been
determined, spectroscopic studies indicate that these
sites exhibit octahedral coordination with distinct pat-
terns of ligand geometry [45,46]. Mutations in the β′
Zn2+-binding site have been isolated that confer a selec-
tive defect in RNA-directed read-through of a ρ-inde-
pendent phage terminator with native promoter recogni-
tion, transcriptional initiation and catalysis [47]. Five
eukaryotic RNAPII subunits contain putative Zn2+-
binding motifs (subunits 1, 2, 9, 10 and 12; Table 1).
Binding of Zn2+ has in each case been demonstrated by
biochemical methods [22]. These eukaryotic motifs also
contain conserved cysteines but differ from β or β′ in
presumed ligand spacing and pattern of sequence conser-
vation. Archaeal and eukaryotic Cys4 sequences con-
served in subunits RPB9, RPB2 and RPB12 are shown in
Figures 1a–c, respectively; the putative Zn2+-binding
motifs in subunits 1 and 10 (not shown) are unrelated
[23,48,49]. The structures of these or other RNAP sub-
units have not been determined. 
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Figure 1
Alignment of putative zinc ribbon sequences.
Cysteines shown or proposed to coordinate
Zn2+ are aligned in vertical boxes. 
(a) Comparison of the sequences of the C-
terminal domain of RNAPII subunit 9 (first
subgroup), transcriptional elongation factor
TFIIS (second subgroup), the N-terminal
domain of RNAPII subunit 9 (third subgroup)
and basal transcriptional initiation factor TFIIB
(fourth subgroup). Acidic residues conserved
in the central loop of RPB9 and TFIIS are
shown in green. Residues in the ‘front’ face of
the RPB9 β sheet are shown in pink whereas
residues in the ‘back’ are shown in blue (see
Figure 4). Residue numbers at the top refer to
the present RPB9 peptide and not to any of
the native proteins shown. Solid circles on the
left indicate sequences for which three-
dimensional structures have been determined
(see Figure 2a). The sequence of disordered
N-terminal residues in RPB9 (GSHMEQD;
residues 1–7 in the RPB9 peptide) is not
shown. (b,c) Putative zinc ribbons conserved
in RNAP subunit 2 (b) and subunit 12 (c). The
presence of Zn2+ in these subunits in
S. cerevisiae has been verified by biochemical
methods (see Table 1 and [22]). These
putative zinc ribbons are predicted to lack a
disordered loop with acidic sidechains.
Vertical arrows indicate conserved glycine
residues C-terminal to a CX2C motif. The
organisms from which the proteins were
obtained are defined: Tc, Thermococcus celer; 
Sa, Sulfolobus acidocaldarius; 
Mj, Methanococcus jannaschii; Hs, Homo
sapiens; Sc, S. cerevisiae; Dm, Drosophila
melanogaster; Sp, Schizo saccharomyces
pombe.
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Structure
RPB9, although not required in S. cerevisiae for viability
(Table 1), is of particular interest in relation to the specifi-
cation of transcriptional start sites [18] and the regulation
of transcriptional pausing [19]. In its absence RNAPII fails
to recognise DNA pause sites and once arrested is refrac-
tory to reactivation by transcriptional elongation factor
TFIIS [19]. The C-terminal Cys-X2-Cys-X24-Cys-X2-Cys
site of RPB9 (upper set of sequences in Figure 1a) is
homologous to the zinc ribbon of TFIIS (middle set of
sequences) [11,50]. This motif contains a central β sheet
and disordered loop as illustrated in Figure 2 [51]. An
analogous structure has been demonstrated in TFIIB [36]
and is proposed to be broadly conserved among RNAP
subunits, general transcription factors, DNA polymerases,
primases and repair proteins [50]. 
In the present study a high-resolution solution structure of
the RPB9 zinc ribbon of T. celer is obtained by multi-
dimensional NMR spectroscopy. This structure contains
both conserved and novel features. Its comparison with
TFIIS and TFFIB reveals how a planar architectural
motif can provide a general template to accommodate sig-
nificant differences in the distribution of polar, non-polar
and charged residues. 
Results and discussion
The archaeal RPB9 C-terminal domain (residues 58–110 in
the intact protein [11]) was expressed in and purified from
E. coli. Its one-dimensional 1H-NMR spectrum at 40°C (57
residues) exhibits dispersed resonances characteristic of a
folded monomeric domain; native spectra are observed
in the temperature range 20–80°C consistent with the
thermal tolerance of T. celer. Resonance assignments were
obtained by standard 1H and heteronuclear (15N and 13C)
methods [12,52–54]. A single major conformer is observed;
one or more minor conformers (<5% in relative popula-
tion) are indicated by minor states of the sidechains of L11
(at an X-Pro step), W28 and W29. No exchange cross-
peaks between major and minor states are detected
(mixing times 50–250 ms). The six N-terminal residues of
the fragment are disordered. 
Structural analysis is restricted to the major conformer.
Interresidue nuclear Overhauser effects (NOEs) are sum-
marized by a diagonal plot (Figure 3a). The pattern of
contacts (three strings perpendicular to the diagonal)
implies an antiparallel β sheet. Four β strands are defined
by residues 13–15 (strand β1), 25–30 (β2), 41–46 (β3) and
51–54 (β4). Interstrand mainchain NOEs are summarized
in Figure 3b (arrows). In freshly prepared D2O solution at
pH 6.0 and 40°C 22 protected amide protons are observed
of which 12 participate in interstrand hydrogen bonds
(indicated in red in Figure 3b) and five in amide–sulfur
hydrogen bonds (see below). Strands β2–β4 are homo-
logous to the central β sheet of TFIIS and TFIIB
(Figure 2a) [36,50,51] whereas strand β1 (shown in green
in Figure 2a, central panel) is novel. Interstrand mainchain
NOEs related to β1 are highlighted by green arrows in
Figure 3b. No α helix is observed. As in TFIIS, residues
in the loop between strands β2 and β3 exhibit motional
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Table 1
Subunits of RNAPII in Saccharomyces cerevisiae.
Subunit Mass (Da) Phenotype Role Archaeal homolog* Bacterial homolog Zinc binding
RPB1 191 Essential DNA binding, A′, A′′ β′ +
RNA synthesis
RPB2 140 Essential Binding nucleoside B β +
triphosphate, RNA 
synthesis
RPB3 35 Essential Polymerase assembly D α –
RPB4 25.4 Conditional† – –
RPB5 25.0 Essential H –
RPB6 17.9 Essential K –
RPB7 19.0 Essential E –
RPB8 16.5 Essential – –
RPB9 14.2 Conditional† Start-site selection, ‡ +
pausing
RPB10 8.3 Essential N +
RPB11 13.6 Essential L α§ –
RPB12 7.7 Essential – +
*Designation of archaeal subunits A–N is based on studies of
Sulfolobus acidocaldarius [16]. †Deletion of either RPB4 or RPB9 in
S. cerevisiae confers temperature sensitivity [10,17]. RPB4 is
proposed to mediate subunit assembly; absence of RPB9 is
associated with altered start-site selection [18], inefficient recognition
of DNA pause sites, and unresponsiveness of arrested elongational
complexes to reactivation by TFIIS [19]. ‡RPB9 homolog in T. celer
[11] and in S. acidocaldarius [11]. §Proposed homology is limited to a
19 amino acid motif also shared by subunits of eukaryotic RNAPI and
RNAPIII (AC40 and AC19) [20]. Of polypeptides in RNAPII, RPB5,
RPB6, RPB8, RPB10 and RPB12 are shared by RNAPI and RNAPIII
[21,22]; RPB5, RPB6 and RPB8 lack recognizable motifs of DNA- or
nucleoside-binding [21]. 
narrowing, unprotected amide protons and an absence of
long-range NOEs. Medium- and long-range NOEs define
the tertiary structure of the domain. Of particular promi-
nence are interactions among aromatic rings (Y27, W28,
W29, F43, Y44 and W53). Each ring exhibits multiple con-
tacts in a dense network of interactions. The sidechain of
Y27 in strand β2, for example, contacts sidechains in the
N-terminal segment (L8, L11 and T13) and β3 (K45 and
T47). Similarly, the W28 indole ring contacts β1 (P12, T13
and T14) and β3 (I42 and Y44) whereas W29 contacts the
N-terminal segment (L11), β3 (F43 and K45) and β4
(T52). A central position is occupied by the sidechain of
Y44: surrounding contacts occur with β1 (T14 and I16), β2
(W28) and β4 (W53, R54 and S55). The indole ring of W53
bridges the metal-binding site (T17, P19 and C46) with β1
(I16) and β3 (Y44 and K45). 
Molecular models (central panel of Figure 2a and stereo
pair in Figure 2b) were obtained by distance geometry
(DG) [55] and followed by refinement with simulated
annealing (SA) [56]. Restraint information is summarized
in Table 2. 629 experimental distance restraints, 46
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Figure 2
Overview of the zinc ribbon motif. (a) Ribbon representation of the zinc
ribbon in three proteins: human TFIIS [50], archaeal RPB9 (present
study) and archaeal TFIIB [36]. Canonical β strands are shown in blue,
the remainder of the protein is in white. The Zn2+ ion is indicated in
each structure by a red ball. A novel fourth β strand in RPB9
(designated β1 in the text) is shown in green and marked with an
asterisk. (b) Stereo view of RPB9 showing the backbone in red and
well ordered sidechains in green. The Zn2+ ion is shown as a white
ball; sidechains of cysteates are shown in yellow. (c) One
representative structure in the same view as (b) with sidechains
labeled; the disordered loop is omitted for clarity.
dihedral restraints and 38 hydrogen bond related restraints
(total 713; 18 restraints per residue in the ordered
moiety) were used to generate an ensemble of 30 struc-
tures. Coarse tetrahedral coordination of Zn2+ was imposed
by distance restraints [50]; control calculations without
tetrahedral restraints demonstrate that such coordination
is in fact constrained by NOEs. Structures were super-
imposed along N, Cα and C atoms of residues 12–31 and
41–55, which are well ordered. Twenty-nine structures of
the ensemble converged to a single family of folds with
no violation of dihedral constraints and no violation of
NOE distance constraints by >0.3 Å; the remaining
model had 13 violations of NOE distance constraints
>0.3 Å and a overall NOE violation energy 381 kcal/mol,
significantly higher than that of the 29 converged struc-
tures (13.6 ± 2.5 kcal/mol). This structure was therefore
excluded. The overall precision of the remaining ensem-
ble (root mean square deviation [rmsd] relative to
average coordinates) in the ordered regions (residues
12–31 and 41–55) is 0.26 Å for the backbone and 0.71 Å
for all the heavy atoms. Such precision, higher than that
obtained in previous studies of TFIIS (backbone and
overall rmsd 0.45 Å and 0.96 Å, respectively, for residues
6–25 and 35–49 [50]) and TFIIB (0.36 Å and 0.87 Å for
residues 7–18 and 24–36 [36]), reflects the greater
number of interresidue NOEs resolvable in 13C-edited
three-dimensional experiments, not employed in the
previous studies. 
The topology of the RPB9 zinc ribbon consists of four
antiparallel β strands. The β strands are of unequal length
and exhibit an overall curvature. The two surfaces of the
β strand define the exterior of the central portion of the
structure and are not integrated into a large globular archi-
tecture. As in TFIIS, a disordered loop occurs between
residues 33 and 39 (Figure 2b). Excluding disordered
regions, overall alignment according to atoms N, Cα and C
of RPB9 and TFIIS yields a mainchain rmsd of 1.14 Å
(RPB9 residues 17–30, 42–54) whereas that between
RPB9 and TFIIB is 0.66 Å (RPB9 residues 18–27, 45–52).
It is not clear whether the greater structural similarity
between RPB9 and TFIIB reflects their specific phy-
logeny (i.e. each in archaea) or is a general feature of both
archaeal and eukaryotic families. Whereas the overall fold
of the RPB9 domain is similar to those of human TFIIS
and P. furiosus TFIIB (Figure 1a), the detailed structures
exhibit significant differences. 
Structure of the b sheet
Strands β2–β4 in the RPB9 zinc ribbon are similar but not
identical to the central β sheets of TFIIS and TFIIB. RPB9
strands β2 and β3 are longer and more twisted; furthermore,
the RPB9 β sheet exhibits a greater overall curvature than
that of TFIIS (as solved in the same laboratory using a
similar protocol). The three structures also exhibit signifi-
cant differences in their respective N-terminal regions. In
particular, the positions and orientations of residues 14–16
Research Article  Structure of an archaeal zinc ribbon Wang et al. 559
Figure 3
N
N
N
N
O
H O
H
H
O
H O
H
H
O
N
N
N
N
N
N
N
N
H
H H*
H
O H
O H
O H
O H
O
H
H
O
H
H
O
O
N
N
N
N
N
N
N
H
H*
O
H O
H O
H O
H O
H
H
O
H
H
H*
N
N
N
N
N
H
O
H
H
O
H*
H
O
H
H
O
H
H
O
O
N
 12
β1
5553
52
51
4143 45
 46
 47
 31
 30
 29
 28
 27
 26
 25
 13
 14
 15
 16
β2
54
β3 
42
β4
 44
24
H
H
H
HH
H
H
H
H
H
0
10
20
30
40
50
60
0 10 20 30 40 50 60
R
es
id
ue
Residue
||||
CysCys CysCys(a) (b)
Structure
NMR signature of the central β sheet in the C-terminal domain of
RPB9. (a) Diagonal plot of interresidue NOEs. Points above the
diagonal show NOEs between any two residues whereas points below
the diagonal represent only contacts between mainchain protons. The
positions of the four cysteines coordinating Zn2+ (residues 18, 21, 46
and 49; Figure 1a) are indicated. (b) Four β strands are defined by
interstrand mainchain NOEs (solid arrows). Green arrows indicate
NOEs specific to the novel N-terminal β strand (corresponding to the
green ribbon in the central panel of Figure 2a). Vertical lines indicate
predicted hydrogen bonds. Slowly exchanging amide protons are
shown in red. 
in RPB9 (residues TKI; Figure 1) differ from those of the
corresponding residues (DLF) in TFIIS; these differences
reflect in part the change in local sidechain functionality
and in part a concerted change in mainchain structure. The
corresponding residues are disordered in the TFIIB frag-
ment. In RPB9 two extensive hydrophobic patches are
observed on respective ‘front’ and ‘back’ faces of the β sheet
(Figures 4a,b). These faces, contiguous with the Zn2+-
binding site, are each organized around a central aromatic
sidechain (Y44 and W29, respectively). The back side
(Figure 4b) contains serial aromatic edge-to-face interac-
tions [57] among Y27, W29 and F43; the front side
(Figure 4a) contains serial edge-to-face interactions among
W53, Y44 and W28 analogous to TFIIS (Figure 4c). No salt
bridges are observed on either surface. Stabilization of a zinc
module by weakly polar interactions has previously been
described in the interior of the classical zinc finger [58]. 
Structure of the Zn2+-binding site
The Zn2+-binding site is well ordered (Figure 5a) and
contains two non-canonical turns (‘knuckles’; residues
P19-K20-C21-G22 and T47-K48-C49-G50). Amide–sulfur
hydrogen bonds are predicted, involving the first cysteate
of each Cys-X2-Cys pair (dotted lines in Figure 5a). The
four such hydrogen bonds each correspond to protected
amide 1H-NMR resonances in D2O. An additional amide–
sulfur hydrogen bond occurs between protected amide of
N23 and C21. A similar pattern of amide–sulfur hydrogen
bonds and protected amide resonance was observed in the
Zn2+-binding sites of TFIIS [50] and TFIIB [36]. The
structures of the three Zn2+-binding sites are essentially
identical (Figure 5b). Each surface contains multiple basic
sidechains, including possible electrostatic interactions the
C-terminal thiolate of each Cys-X-Lys-Cys element and the
preceding lysine ε-NH3
+ group. Although not precisely
defined in the ensemble, the surface of the RPB9 Zn2+-
binding site may contain a salt bridge between the side-
chains of K15 and D24. The knuckles of the zinc ribbon are
similar to those of the otherwise unrelated Fe2+- or Zn2+-
binding site in rubredoxin [59,60]. 
The sequences of the T. celer RPB9 C-terminal zinc ribbon
contain glycine residues C-terminal to each Cys-X2-Cys
pair (residues 22 and 50). Corresponding glycines are
observed in the human homolog but are not invariant in
eukarya. The C-terminal glycine (arrow in Figure 1a) is
broadly conserved among the zinc ribbons of TFIIS and
TFIIB. In the structure of the RPB9 zinc ribbon, G22 and
G50 adopt mainchain dihedral angles forbidden to
L-amino acids (as shown in the Ramachandran plot in
Figure 6a). Each glycine thus imparts a characteristic ori-
entation to the peptide loop exiting the Zn2+-binding site.
Substitution of G22 or G50 by an L-amino acid would be
expected to reorient the loop. This effect is indeed
observed on comparison of the Zn2+-binding sites of
RPB9 and TFIIS, which contains lysine at position 22.
The N-terminal Cys-X2-Cys loops of RPB9 and TFIIS are
aligned in Figure 6b according to heavy atoms of the four
cysteines. The two loops diverge at residue 22 (asterisk in
Figure 6b) as a consequence of inequivalent φ angles.
This alignment also reveals a global reorientation of the
Zn2+-binding site relative to the β sheet (Figure 6c). The
reorientation reflects multiple differences in the details of
sidechain packing. No reorientation is observed on analo-
gous alignment of the RPB9 and TFIIB zinc ribbons. 
Subclasses of zinc ribbons
Local and non-local differences between the structures of
the RPB9 and TFIIS zinc ribbons define inequivalent
structural templates (excluding the disordered loop, pre-
sumably designed not to fold in the absence of assembly
in an elongation complex [61]). The relative consistency
between the RPB9 and TFIIS sequences and these tem-
plates may be assessed through the use of 3D-1D profile
scores as developed by Eisenberg and coworkers [62]. As
expected, threading of each sequence through its own
structure yields a high score. The RPB9 ensemble of
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Table 2
NMR restraints and statistical parameters.
Summary of restraints
intraresidue 60
sequential 214
medium-range (|i–j| 2–4 residue) 53
long-range (|i–j| > 4 residue) 302
dihedral angle φ 31
dihedral angle χ1 15
zinc coordination* 10
hydrogen bonds† 19
Root mean square deviation‡
mainchain (Å) 0.26
heavy atom (Å) 0.71
Average restraint violations
NOE (Å) 0.020
dihedral angle (°) 0.58
Deviation from ideal covalent geometry
bond length (Å) 0.002
bond angle (°) 0.64
Empirical energy function§ (kcal/mol)
NOE restraint energy 13.59 ± 2.49
improper dihedral angle 12.51 ± 0.87
covalent bonds 4.08 ± 0.57
van der Waals 7.52 ± 2.51
restraint dihedral angle 0.99 ± 0.28
bond angle 88.29 ± 4.14
*Tetrahedral Zn2+ coordination was constrained as follows: Zn–Sγ and
Sγ–Sγ distances were restrained to be 2.2–2.4 Å and 3.6–4.0 Å,
respectively. †Two distance restraints were imposed per hydrogen bond.
For amide proton–oxygen hydrogen bonds, the constraints were NH—O
(1.8–2.4 Å) and HN—O (2.7–3.3 Å); for amide proton–sulfur hydrogen
bonds, the constraints were NH—Sγ (2.2–2.8 Å) and HN—Sγ (3.1–3.7 Å).
‡The ensemble was aligned on N, Cα and C atoms of residues 12–31
and 41–55; rmsd values shown in the table were calculated against
average coordinates. §NOE and dihedral force constants were 40 kcal/Å2
and 40 kcal/rad2, respectively (1 kcal = 4.18 kj).
structures yields a profile score of 17.0 ± 1.1 whereas that
of TFIIS yields a profile score of 15.7 ± 1.5. On a per-
residue basis these scores are consistent with results
obtained for the standard proteins in the structural data-
base [62]. The 3D-1D profile method was designed to
detect errors in structures. Indeed, threading of the RPB9
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Figure 4
Front and back surfaces of the RPB9 β sheet.
(a,b) Stereo views of the front and back sides
of the RPB9 β sheet; sidechains are shown in
white and mainchains in red. Serial edge-to-
face aromatic–aromatic packing is observed
at each face. Such serial packing in the front
surface extends to the Zn2+-binding site via
W53–H51 (not shown). (c) Stereo view
superposition of TFIIS and RPB9. TFIIS
mainchain and sidechains are shown in green
and blue, respectively. RPB9 is shown as in
(a). Alignment was with respect to the
mainchain atoms of residues 13–31 and
41–55 (using the RPB9 peptide numbering
scheme shown in Figure 1a).
sequence through the TFIIS template or of the TFIIS
sequence through the RPB9 template yields significantly
lower 3D-1D profile scores (10.5 ± 1.7 and 6.8 ± 0.4, respec-
tively). These results suggest that each sequence is in part
incompatible with the other structural template. Detailed
assessment of sidechain environments (as tabulated in the
Eisenberg algorithm) further suggests that this incompati-
bility results from several sidechains distributed in the
structure and is not the result of a single unfavorable sub-
stitution in one sequence or the other. 
Because profile methods abstract from the details of a
structure, it is instructive to re-examine regions of RPB9
and TFIIS that are similar in structure but not in
sequence. The global topology appears to be preserved by
complementary pairs of substitutions. An example is pro-
vided by the front surface of the β sheet (Figure 4c). In
each case close packing is observed among aromatic and
aliphatic sidechains; the residues involved are highlighted
in pink in the sequence alignment shown in Figure 1a. In
TFIIS these involve W53, F16 and Y28 (blue in Figure 4c).
Although W53 and an aromatic ring at 28 occurs in each
sequence (Figures 1 and 4c), aromaticity of the central
sidechains (residues 16 and 44) is not conserved. Compari-
son of the RPB9 and TFIIS structures suggests that analo-
gous aromatic packing and partitioning of solvent-excluded
volume is nevertheless accomplished by compensating
substitutions. Respective small aliphatic and large aromatic
sidechains in RPB9 (I16 and Y44) correspond to large aro-
matic and small aliphatic sidechains in TFIIS (F16 and
V44). (The sidechain of F16 in TFIIS occupies an overlap-
ping position as does Y44 in RPB9. As a consequence,
there is apparently insufficient space available in TFIIS for
an aromatic sidechain at position 44. This space is suffi-
cient to be occupied by valine.) Such compensation in
volume — enabling plasticity in the packing of homolo-
gous hydrophobic cores — is a general feature of proteins
and has been elegantly demonstrated by random-cassette
mutagenesis [63]. Recognition of such features in the zinc
ribbon rationalizes patterns of allowed phylogenetic substi-
tutions. The back surfaces of RPB9, TFIIB and TFIIS (as
defined in Figure 4) exhibit more marked divergence in
sequence (shown in blue in Figure 1a). The close packing
of aromatic and aliphatic sidechains observed in RPB9, for
example, is in part replaced by a cluster of charged
residues in TFIIB. Such seemingly non-conservative sub-
stitutions (e.g. contiguous residues W29 and F43 in the
structure of RPB9) are each substituted by acidic side-
chains in TFIIB (D29 and E43; figure available as Supple-
mentary material with the internet version of this manu-
script), highlighting the planarity of the zinc ribbon.
Because neither the front nor back surfaces of the β sheet
participate in further tertiary structure, diverse substitu-
tions are readily accommodated. In the above example,
polar or non-polar sidechains in TFIIB or RPB9 are sol-
vated or non-solvated respectively as a consequence of
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Figure 5
Structures of Zn2+-binding ‘knuckles’. 
(a) Stereo view of the RPB9 Zn2+-binding
region (knuckles). Structures of the RPB9
ensemble were superimposed with respect to
the mainchain atoms of residues 13–31 and
41–55. Sulfur atoms are shown as yellow
balls, and Zn2+ as a white sphere. Predicted
amide–sulfur hydrogen bonds are shown in
yellow dashed lines: K20 NH–C18 Sγ, C21
NH–C18 Sγ, K48 NH–C46 Sγ, and C49
NH–C46 Sγ; N23 NH–C21 Sγ is not shown.
The protein is otherwise depicted in red.
(b) Superposition of the Zn2+-binding region
of RPB9 (red) and TFIIS (green) aligned with
respect to the mainchain atoms of residues
13–31 and 41–55. 
local changes in sidechain configurations. The pattern of
allowed and disallowed sequences is thus unlikely to be
constrained by a code based on hydrophobicity as implied
by combinatorial studies of model globular motifs [64]. We
imagine that such adaptability allows a functional diversity
of zinc ribbons in DNA and RNA transactions.
The apparent robustness of the zinc ribbon to substitutions
in the β sheet and to deletions in the central loop motivate
analysis of putative Zn2+-binding sites in RNAPII subunits
2 and 12 (Table 1; Figures 1b,c). These sequences share
Cys-X2-Cys elements with spacing compatible with the
zinc ribbon and incompatible with the rubredoxin fold. The
N-terminal Cys-X2-Cys element in subunit 2 is followed by
glycine whereas the C-terminal Cys-X2-Cys element in
subunit 12 is followed by glycine (arrows in Figures 1b,c).
Although each site exhibits a distinctive pattern of con-
served non-polar, polar and charged residues (obscuring
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Structure
Orientation of Zn2+-binding ‘knuckles’. (a) Ramachandran plot
depicting mainchain dihedral angles in the well ordered moiety
(residues 14–31 and 41–55). The values of G50 and G22, which fall
within regions forbidden to L-amino acids, are shown as blue and red
dots, respectively. (b) Alignment of residues 15–24 in RPB9 (red) and
TFIIS (green) with respect to the heavy atoms of the four Zn2+-binding
cysteates. The asterisk indicates the position of G22 (white; K22 in
TFIIS) at which a kink occurs in the RPB9 structure. Sulfur atoms are
represented as yellow balls; Zn2+ as a white ball. (c) Alignment of
RPB9 (red) and TFIIS (green) zinc ribbons with respect to the heavy
atoms of the four Zn2+-binding cysteates reveals an overall change in
the orientation of the β-sheet subdomain relative to the Zn2+-binding
site (arrows). The white arrow indicates the site of the G22K
substitution.
sequence analogies), predictions of secondary structure by a
neural-net algorithm [65] consistently suggest a predomi-
nance of β sheet. 3D-1D profile scores [62], obtained with
RPB9, TFIIS and TFIIB templates, are similar to those
obtained on mismatching the RPB9, TFIIS and TFIIB
sequences and structures. Accordingly, we anticipate that
the these putative Zn2+-binding sites will form variant zinc
ribbons (distinct structural subclasses). The predicted sur-
faces of these variant zinc ribbons differ in chemical compo-
sition. These distinctive structural features presumably
relate to the specific biochemical functions of subunits 2
and 12 in the mechanism or regulation of RNAP. 
Conservation of a functional surface 
The surface of the RPB9 zinc ribbon is — exclusive of the
disordered loop and apical Zn2+-binding site — remark-
able for its hydrophobicity. The aromatic-rich surface of
the β sheet (Figure 7a) presents a non-polar electrostatic
potential as visualized by a GRASP Poisson–Boltzmann
simulation [66] (Figure 7b). Such protein surfaces are
ordinarily engaged in intra- or intermolecular packing.
An homologous non-polar surface occurs in TFIIS and
may participate in nucleic acid binding [50,51]. The
latter binding activity is not observed in the intact elon-
gation factor but is uncovered by deletion of the N-ter-
minal domain of the protein [67]. These observations
have motivated a model in which domain–domain inter-
actions regulate a cryptic nucleic acid binding surface until
its engagement in an arrested complex [51]. Whether such
domain–domain interactions also occur in intact RPB9 is
not known. A well characterized example of conforma-
tional exposure of a cryptic nucleic acid binding surface
is provided by the spliceosomal protein U1A [68,69].
Like RPB9 (Figure 7c), U1A contains a central four-
stranded planar β sheet (red ribbons in Figure 7d);
unlike RPB9, the β sheet is enclosed by α helices to
define a globular domain. The central two strands of
U1A contain aromatic sidechains making edge-to-face
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Figure 7
Proposed functional surface of RPB9 and
analogy to U1A. (a) Front view of the RPB9
domain with the loop deleted for clarity; the
central surface is defined by aromatic (W28,
Y44 and W53) and aliphatic (P19)
sidechains. (b) Corresponding electrostatic
surface as calculated by GRASP [66]
showing a broad non-polar surface. Peripheral
charges of the sidechains of K15, D24, E30,
K48 and R54 are shown in red (negative
potential) or blue (positive potential).
(c,d) Analogy between the RPB9 zinc ribbon
(c) and the RNA-binding surface of
spliceosomal protein U1A (d) [69]. Each
structure contains a flat central β sheet with
an aromatic-rich surface (red). The U1A
surface is bounded by α helices (blue
cylinders), one of which (marked by an
asterisk) is displaced on RNA binding [68,69].
contact. In the free protein this surface is covered by an
α helix [68]. On specific RNA binding, the α helix is dis-
placed; the aromatic sidechains stack with RNA bases
[68,69]. U1A lacks conserved acidic residues analogous to
those in the loop of the zinc ribbon.
There is at present no genetic database of point mutations
in yeast RPB9 on the basis of which to correlate structure
and function; in particular, effects of substitutions among
aromatic residues have not been investigated. A partial
database does exist, however, in studies of the zinc ribbon
of human TFIIS [70–72]. Substitutions were correlated
with in vitro assays of transcriptional read-through by
RNAPII and stimulation of nascent RNA strand cleavage.
A two to fivefold decrease in activity was also observed
following substitutions in either the basic or tryptophan
sidechains in the C-terminal β strand [70]. In particular,
whereas the substitution W53F (using the RPB9 number-
ing scheme; W298F in human TFIIS) yields native activ-
ity in transcriptional read-through by RNAPII, replace-
ment of tryptophan by tyrosine, isoleucine or glycine
yields relative activities of 50%, 20% and 20%, respec-
tively [70]. These studies also demonstrated that acidic
residues in the disordered loop (positions 37 and 38 in
Figure 1a) are essential for both biochemical activities. In
contrast, alanine-scanning mutagenesis of charged side-
chains elsewhere in the zinc ribbon was associated with
only modest decrements in activity [72]. The acidic
residues in the disordered loop and the C-terminal trypto-
phan (or phenylalanine) are each conserved in RPB9 but
not in TFIIB (Figure 1a). Whereas TFIIS exhibits strict
conservation of D37 and E38, however, the RPB9 loop
does not exhibit such precise conservation (Figure 1a). It
has been speculated that these acidic sidechains serve to
coordinate Mg2+ in an elongational complex [71]. 
The molecular mechanisms of RPB9, TFIIB and TFIIS
in transcriptional initiation and elongation are unknown.
Neither RPB9 nor TFIIS are essential for the viability of
S. cerevisiae [10,73]. Loss of TFIIS confers enhanced sen-
sitivity to 6-azauracil (causing low levels of GTP) but its
phenotype may be confounded by the presence of homo-
logous genes in yeast with redundant functions [74]. Loss
of RPB9 confers impaired thermal tolerance and is asso-
ciated with defects in start-site selection [10,18]. Selective
truncation of β4 in RPB9 impairs start-site selection
without change in thermal tolerance [75]. In contrast,
TFIIB is required in yeast for growth: its absence impairs
accurate start-site selection by RNAPII [76]. Recent
genetic studies have suggested functional interactions
among these three zinc ribbon proteins. In the absence of
RPB9, for example, yeast RNAPII exhibits inefficient
recognition of pause sites on DNA and unresponsiveness
to reactivation of rare arrested complexes by TFIIS [19].
Analogous functional interactions in transcriptional initia-
tion between RPB9 and TFIIB are suggested by genetic
analysis [75]. It is not known whether such genetic inter-
actions reflect shared (and in part redundant) biochemical
activities, direct physical interactions among zinc ribbon
proteins, or sequential involvement in the mechanism of
initiation or arrest. 
Biological implications
Comparison of genomes, inferred metabolic pathways
and biochemical mechanisms conserved between archaea
and eukarya promise to provide broad insight into the
origin and evolution of the eukaryotic cell [77]. Of partic-
ular interest are similarities and differences in mecha-
nisms of chromosomal organization and gene expression
[78]. Previous biochemical and structural studies have
focused on nucleosomes and transcriptional initiation
factors, including the TATA-binding protein [36–38,79].
Here, we have focused on a subunit of RNA polymerase
II (RNAPII) itself [11,16]. 
The structures of multisubunit RNAPs are known only
at low resolution from electron diffraction studies [80,81].
The availability of hyperthermophilic subunits from
archaea may provide models for high-resolution structural
studies. The present analysis of the C-terminal domain of
Thermococcus celer RNAPII subunit 9 (RPB9) [11]
demonstrates broad conservation of the zinc ribbon motif.
The structural basis of its thermal stability is not apparent
and in particular is not associated with multiple salt
bridges [82–84]. The RPB9 structure exhibits novel fea-
tures, including extension of the central β sheet, distinct
overall curvature, and a well organized N-terminal
β strand. Sequence conservation among eukaryotic homo-
logs (including human and yeast RNAPII) suggests that
these are general features of an extended RPB9 family.
Structural differences from the transcription factors
TFIIS and TFIIB [36,50,51] illuminate how a planar
architectural motif can accommodate seemingly non-con-
servative amino acid substitutions. 
The present structure provides a framework for genetic
analysis of point mutations in the gene encoding RPB9
in Saccharomyces cerevisiae (Ssu73) [76] and elucida-
tion of the biochemical role of RPB9 in transcription. Of
particular interest will be investigation of the role of aro-
matic-rich surfaces of the central β sheet in start-site
selection, subunit assembly and RNA binding. Analo-
gous mutagenesis of zinc ribbons in TFIIB and TFIIS
promises to dissect functional interactions in transcrip-
tional regulation and aid in the interpretation of the
structures of higher-order transcriptional assemblies.
Materials and methods
Buffers
Cell lysis buffer: 20 mM Tris-HCl pH 7.9, 500 mM NaCl, 10 mM dithio-
threitol (DTT), 10 mM imidazole, 1 mM phenylmethanesulfonyl fluoride
(PMSF). Purification buffers: buffer A consists of 20 mM Tris-HCl pH 7.9,
500 mM NaCl, 10 mM DTT, 10 mM imidazole; buffer B contains 20 mM
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Tris-HCl pH 7.9, 500 mM NaCl, 10 mM DTT, 1000 mM imidazole; buffer
C (dialysis buffer for thrombin digestion and Ni-NTA chromatography)
consists of 20 mM Tris-HCl pH 7.9, 500 mM NaCl, 10 mM DTT, 5 mM
imidazole; buffer D (dialysis buffer for anion exchange column Resource
S) consists of 20 mM Tris-HCl pH 8.0, 10 mM DTT; buffer E consists of
20 mM Tris-HCl pH 8.0, 10 mM DTT, 1000 mM NaCl. NMR buffer
consist of 50 mM deuterated Tris-HCl (pH 6.0 at 25°C, direct meter
reading) and 10 mM deuterated DTT. To delay oxidation of the protein, all
buffers and solvents were flushed with N2 gas immediately before use.
Cloning and expression
The segment of the T. celer RPB9-gene encoding the C-terminal residues
58–110 was subcloned into bacterial expression vector pET-15b
(Novagen). The sequence was amplified from a genomic fragment [11] in
pBluescript II KS phagemid vector by PCR using Taq polymerase.
Restriction sites NdeI and BamHI were constructed in the respective 5′
and 3′ ends of the PCR product and used to insert the gene between
corresponding sites of the expression vector. The fidelity of PCR amplifi-
cation and subcloning was verified by direct DNA sequencing. The
protein was expressed in E. coli strain BL21(DE3)LysS as a fusion
protein consisting of residues 58–110 preceded by an N-terminal tether
containing a His6 tag and thrombin-cleavage site. The thrombin-digested
protein retains four non-native N-terminal residues, Gly-Ser-His-Met
(peptide residues 1–4), which are disordered in the structure.
Protein purification
Overexpression strain E. coli BL21(DE3)LysS was grown in rich
medium (2 × YT) for isolation of unlabeled protein and in minimal
medium for isolation of both uniformly 15N-labeled and [13C,15N]-
doubly-labeled protein. Cells were grown to an optical density (OD600)
of about 1.0/cm and induced with 0.1 mM isopropyl-β-D-thiogalactopy-
ranoside (IPTG). The cells were grown for additional 4 h after induction
and harvested by low-speed centrifugation. The level of expression was
approximately 5% as judged by SDS–PAGE. The pellet was washed
and sonicated in lysis buffer. The extract was centrifuged at 10,000 rpm
for 1 h. The supernatant was loaded on the Ni-NTA column (Novagen
[50]) on a fast-performance liquid chromatography (FPLC) system
(Pharmacia). The fusion protein with His6 tag was eluted from Ni-NTA
column by using a 10 mM imidazole (buffer A) to 1000 mM imidazole
(buffer B) gradient. After limited thrombin digestion, the His6 tag was
removed by Ni-NTA chromatography. The protein was purified to
homogeneity by anion-exchange chromatography (Resource-S) using a
salt gradient from 0 mM NaCl (buffer D) to 1000 mM NaCl (buffer E).
The protein solution was concentrated by ultrafiltration, dialyzed
against deoxygenated NMR buffer, and lyophilized. The powder was
stored under nitrogen at room temperature. The protein was of >98%
purity as determined by SDS–PAGE and reverse phase high-perfor-
mance liquid chromatography (HPLC). Its identity was confirmed by N-
terminal amino acid sequencing and matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry. Protein con-
centration was determined by optical density at 280 nm. Final yield was
15–20 mg per liter of E. coli cell culture from rich medium and 20–25 mg
per liter from minimal medium. 
NMR sample preparation
The protein–Zn2+ powder containing NMR buffer was dissolved in
500 µl of 10% D2O/90% H2O (or 99.996% D2O), and the pH (or pD)
was adjusted to 6.0 with small aliquots of 0.1 N HCl (or DCl). Protein
concentrations were 2 mM for all samples.
NMR spectroscopy
Spectra were recorded with Varian Unityplus 500 or 600 MHz NMR
spectrometers equipped with pulse-field gradient and actively shielded
z-gradient triple-resonance probes. Spectra were processed by
VNMR software.
1H homonuclear 2D-NMR measurements
The following two-dimensional (2D) experiments were performed at
40°C in both H2O and D2O with spectral width 8000 Hz in both
dimensions: double-quantum-filtered correlation spectroscopy (DQF-
COSY) [85], total correlation spectroscopy (TOCSY; mixing times
30 ms and 60 ms) [86], and NOE spectroscopy (NOESY; mixing times
50, 100, 150 and 200 ms) [87]. In each case, water suppression was
achieved by solvent presaturation. 
Heteronuclear 15N measurements
2D heteronuclear single-quantum coherence (HSQC) [88], heteronu-
clear multiple-quantum coherence (HMQC)-NOESY [89] and HMQC-
TOCSY [89] spectra were acquired with 15N-uniformly-labeled protein
sample. Decoupling of 15N during acquisition was achieved by the
GARP sequence [90]. 3D 1H-15N HSQC-NOESY [91] spectra were
acquired with spectral widths of 7000 Hz in both F1 and F3 (1H)
dimensions and 2600 Hz in F2 (15N) dimension. In each case, the
water was returned to the z axis before acquisition by application of
appropriate selective pulses on water [92]. NOESY mixing time in both
2D and 3D spectra was 200 ms. 
Heteronuclear 13C measurements
2D HSQC [88], HMQC-NOESY [89] and HMQC-TOCSY [93] spectra
were acquired using [13C,15N]-doubly-uniformly-labeled protein sample.
3D 13C edited HSQC-NOESY [94] spectra were recorded at 200 ms
mixing time with 15N- and 13C-GARP decoupling during acquisition.
J-coupling constant measurements
Double-resonance experiments HNHA [95] were used to derive the
coupling constants between amide protons and α protons. PE-COSY
[96] was acquired to derive Hα-Hβ coupling constants.
The measurement of slowly exchanging amides
Slowly exchanging amides at pH 6.0 and 40°C were identified by dis-
solving an 15N-uniformly-labeled protein powder (containing buffer and
salt) in 99.996% D2O and acquiring a rapid 2D 15N HSQC within
7 min after dissolution at 40°C; a series of 2D HSQC were obtained at
different time intervals after dissolution. 
Structure calculations
A set of distance constraints were derived from a series of homo-
nuclear 2D NOESY spectra recorded with mixing times of 50, 100,
150 and 200 ms, and 3D 15N NOESY-HSQC, 13C NOESY-HSQC
spectra were also used to resolve otherwise overlapping NOESY
cross-peaks. The resulting NOE distance restraints were used with
limits of 0 to 2.7 Å, 0 to 3.4 Å, 0 to 5.0 Å and 0 to 6.0 Å, corresponding
to strong, medium, weak, and very weak NOE intensities, respectively,
as described [50]. Constraints on peptide backbone torsion angle φ
were derived from coupling constants 3JHNHα
(obtained from 3D HNHA
experiment; [95]). φ angles were constrained to the range from –90 to
–30° for those residues with values of 3JHNHα
less than 6 Hz, and to the
range from –160 to –80° for the residues with values of 3JHNHα larger
than 8 Hz. φ angles for residues with value of 3JHNHα between 6 and 8Hz were not constrained. Stereospecific assignment of β-methylene
protons and χ1 angles were determined from 3Jαβ with combination of
intra-residue HN–Hβ and Hα–Hβ NOEs from short mixing time NOESY
spectra (mixing time 50 ms). χ1 angles were constrained from ± 40°
to ± 60° intervals. Stereospecific assignments were only included for
those residues where all the criteria are consistent with one of the
three preferred sidechain rotamers [53].
Three-dimensional structures were obtained using the program DGII
[55] implemented in Insight II (Biosym) and further refined by simulated
annealing protocol in the program X-PLOR version 3.1 [56]. Possible
hydrogen bonds were inferred in preliminary DG structures using
Insight II (Biosym). Among initial models the aromatic ring of Y44 exhib-
ited two χ2 rotamers; these were distinguished by ring-current shift
analysis as described [97]. In the final restraint list only the peptide and
amide–sulfur hydrogen bonds consistent with slowly exchanging amide
data in D2O were included as additional distance constraints. During
simulated annealing, center averaging was used for those distance
constraints involving non-stereospecifically assigned prochiral protons
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and for groups that exhibit motional averaging. Pseudo-atom correc-
tions were added to the upper limit of the relevant constraints [98]. A
soft-square energy function was used to incorporate experimental NOE
constraints in the total energy function. The program Superpose was
used to calculate the overall rmsd from mean structure [99]. Backbone
and sidechain rmsd values were calculated for each residue using the
protocol provided with X-PLOR program. Molecular visualization was
obtained using the Insight-II (Biosym). 
3D-1D profile scores
Profile scores were calculated by the method of Eisenberg and co-
workers [62] for matched (or mismatched) templates and sequences.
Scores were calculated on the basis of both corresponding ordered moi-
eties and disordered central loops (see Figure 2): RPB9 (47 residues
from 11–57) and TFIIS (residues 5–50). Raw and normalized scores for
TFIIB are 8.3 ± 0.7 and 12.6 ± 1.0, respectively (residues 7–37), and for
rubredoxin (Rd), 19.5 ± 1.1 and 17.6 ± 1.0 (residues 1–51). To facilitate
comparison with RPB9, normalized TFIIB and Rd values represent values
extrapolated to a protein of length 47 residues. Uncertainties represent
± 1 standard deviation among respective ensembles. 
Accession numbers
The coordinates of the RPB9 zinc ribbon have been deposited with the
Brookhaven Protein Data Bank, accession code 1QYP. 
Supplementary material
Supplementary material available with the internet version of this manu-
script contains a figure highlighting the planarity of the zinc ribbon.
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